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ration	 programs	 can	 incompletely	 return	 desired	 ecosystem	 service	 levels,	 while	
resilience	of	restored	ecosystems	to	future	threats	is	unknown.	It	is	therefore	essen-
tial	to	advance	understanding	and	better	utilize	knowledge	from	ecological	literature	
in	 restoration	 approaches.	 We	 identified	 an	 incomplete	 linkage	 between	 global	
change	ecology,	ecosystem	function	research,	and	restoration	ecology.	This	gap	im-
pedes	a	full	understanding	of	the	interactive	effects	of	changing	environmental	fac-






pirical	 studies	 with	 simulation	modeling.	We	 introduce	 an	 ongoing	 case	 study	 to	
demonstrate	how	this	framework	could	allow	systematic	assessment	of	the	impacts	
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1  | INTRODUC TION












achieve	a	goal	of	 resilient	 (i.e.,	 the	ability	of	ecosystems	to	absorb	
changes	of	state	variables,	driving	variables,	and	parameters	and	still	
persist	 after	 disturbances;	 Holling,	 1973),	 multifunctional	 ecosys-
tems	due	 to	a	 lack	of	knowledge	about	 trade-	offs	among	multiple	
ecosystem	services	(Bennett,	Peterson,	&	Gordon,	2009)	as	well	as	
the	effect	of	multiple	changing	environmental	 factors	on	services.	
















of	 plant	 traits	 on	only	 a	 single	 ecosystem	 function	or	 service	 and	
thereby	a	priori	neglected	possible	trade-	offs	among	multiple	func-





cies	with	high	LAI	may	 therefore	be	chosen	 to	 reach	a	goal	of	 in-
creased	carbon	sequestration.	However,	higher	leaf	area	per	unit	dry	
mass	 (SLA,	specific	 leaf	area),	which	 is	positively	correlated	to	LAI	
(Pierce,	Running,	&	Walker,	1994),	might	at	the	same	time	negatively	




functions	 (Medrano	et	al.,	2009).	 Instead,	multiple	 traits	can	 influ-








research	 has	 shown	 correlations	 among	 even	 these	 axes	 (Garnier,	
Bellmann,	 Navas,	 Roumet,	 &	 Laurent,	 2004;	 Lavergne,	 Garnier,	
&	Debussche,	2003).	 In	 addition,	 there	may	 also	be	other	 axes	 to	
consider	 (Laughlin,	2014b)	and	the	 fact	 that	 traits	 that	 respond	to	






2017;	 Garnier,	 Navas,	 &	 Grigulis,	 2016;	 Vilà-	Cabrera,	 Martínez-	
Vilalta,	&	Retana,	2015).
The	strength	and	direction	of	the	links	between	traits,	functions,	







tions	 are	well	 investigated	 (e.g.,	Cochrane,	Hoyle,	Yates,	Wood,	&	
Nicotra,	2015;	LeRoy,	Wymore,	Davis,	&	Marks,	2014;	Prieto	et	al.,	
2015),	but	less	attention	has	been	given	to	the	simultaneous	effects	
of	 multiple	 changing	 factors	 (see	 Table	 S2).	 This	 is	 an	 important	
knowledge	gap,	as	the	overall	effect	of	multiple	factors	may	not	be	
a	 simple	 sum	 of	 the	 individual	 effects	 (so	 called	 additive	 effects).	
Instead,	the	overall	effect	might	result	from	the	interaction	of	multi-
ple	changing	environmental	factors	that	cannot	be	predicted	by	the	
sum	of	 the	 individual	 effects	 (so	 called	 nonadditive	 or	 interactive	
effects).	For	instance,	nitrogen	fertilization	can	increase	the	negative	
effect	of	drought	on	biomass	production	due	to	increased	evapora-













the	 assessment	 of	 changes	 in	 ecosystem	 functions.	 For	 example,	
an	increase	in	temperature	directly	 impacts	nutrient	supply	by	the	
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increased	rate	of	litter	decomposition	(Rustad	et	al.,	2001).	As	tem-
perature	might	also	 impact	plant	species	composition	and	thus	 lit-
ter	quality,	 this	 could	additionally	 indirectly	 impact	decomposition	
rates	and	nutrient	supply	(LeRoy	et	al.,	2014;	Sariyildiz,	Anderson,	&	
Kucuk,	2005).	Until	now,	there	are	in	fact	numerous	short-	term	stud-





Van	 Logtestijn,	 Cornelissen,	 &	 Valladares,	 2010;	 Valera-	Burgos,	
Zunzunegui,	&	Díaz-	Barradas,	2013).
In	 summary,	most	 trait-	based	 studies	do	not	explicitly	 account	
for	the	full	path	from	changing	environmental	factors	via	plant	traits	










are	 integrated	 and	 changes	 in	 various	 environmental	 factors	 are	
evaluated	to	assess	the	long-	term	supply	of	various	ecosystem	func-
tions	and	services,	 is	normally	not	 feasible.	Process-	based	ecolog-
ical	 simulation	models	 that	describe	a	 simplified	 representation	of	
an	 ecosystem,	 including	 its	 components	 such	 as	 individual	 plants	
and	processes	such	as	plant	growth,	and	that	explicitly	account	for	
plant	traits	could	close	the	gap.	However,	such	models	depend	on	
field	data	for	model	 input	 (e.g.,	 time	series	of	weather	conditions),	
parameterization	(e.g.,	trait	measurements	such	as	specific	leaf	area)	




In	 the	 following,	we	outline	 a	 stepwise	 research	agenda	 that	
integrates	 empirical	 research	 and	 simulation	modeling	 to	 better	
understand	environmental	change	and	plant	trait	effects	on	eco-
system	services.	We	argue	that	implementing	this	agenda	will	aid	





2  | THE WAY FORWARD: INTEGR ATING 
TR AIT-  BA SED EMPIRIC AL AND 
SIMUL ATION MODELING RESE ARCH
Achieving	a	resilient	supply	of	ecosystem	services	toward	future	en-
vironmental	 change	 requires	 integrative	 approaches	 that	 combine	
the	knowledge	gained	from	empirical	studies	with	process-	and	trait-	







these	questions,	 and	 (4)	what	data	 should	be	measured	 for	model	
parameterization	and	validation.
To	achieve	the	goal	of	multifunctional	and	resilient	ecosystems,	
we	suggest	 the	 following	 fundamental	 and	applied	 research	ques-
tions	need	tackling	(Figure	2):








































2.1 | Step 1: Development of trait- based 
simulation model
Empirical	 approaches	 can	 improve	 our	 understanding	 for	 mostly	
















addition,	we	 need	 to	 incorporate	 explicitly	 plant	 traits	 that	 deter-
mine	 these	 dynamics,	 along	with	 abiotic	 conditions.	 Incorporating	
traits	in	simulation	models,	rather	than	specific	species,	would	also	
allow	for	assessing	the	whole	variability	range	of	a	trait,	both	intra-	







2.2 | Step 2: Model validation and testing






be	 parameterized	with	 high	 precision	 as	well	 as	 less	 sensitive	 pa-
rameters	for	which	some	uncertainty	can	be	accepted	(Reuter,	Jopp,	
Breckling,	 Lange,	&	Weigmann,	2011;	Ruget,	Brisson,	Delécolle,	&	
Faivre,	 2002).	However,	 if	 a	 sensitive	 parameter	 is	 uncertain,	 this	
uncertainty	should	be	propagated	through	model	simulations	to	es-





dation	 can	 require	 custom-	made	 assumptions	 of	 model	 goodness	









Q1: Plant traits on 
ecosystem services?































Q2: Environmental factors on 
ecosystem services?
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2.3 | Step 3: Simulation experiments of 


















there	 is	 the	potential	 for	more	 than	 two	environmental	 factors	 to	
be	 changing.	The	outcome	of	 the	 factorial	 experiments	 allows	 for	
a	 systematic	 assessment	 of	 trade-	offs	 and	 synergies	 among	 mul-
tiple	 ecosystem	 services.	Direct	 and	 indirect	 effects,	 and	 additive	










3  | C A SE STUDY—THE RIDGEFIELD 
RESTOR ATION E XPERIMENT
We	exemplify	our	integrative	agenda	using	an	ongoing	case	study	
with	 focus	 on	 Mediterranean-	type	 ecosystems.	 Although	 these	















































































Quézel,	 1997).	 Long-	term	 extensive	 human	 activity	 has	 contrib-
uted	 to	 the	 high	 biodiversity	 in	Mediterranean-	type	 ecosystems	












desertification,	 soil	 and	 water	 erosion,	 salinization,	 and	 nutrient	
losses	 (Hobbs,	 1998;	 Vallejo,	 Aronson,	 Pausas,	 &	Cortina,	 2001).	
Ongoing	and	 future	alterations	 in	global	 change	 factors	have	 the	
potential	 to	 exacerbate	 degradation	 of	Mediterranean-	type	 eco-
systems,	leading	to	a	further	decrease	in	their	provision	of	ecosys-
tem	services	(Mace,	Norris,	&	Fitter,	2012;	MEA,	2005;	Sala,	2000).	
This	 requires	plant	 communities	 that	 could	be	planted	 to	 restore	
Mediterranean-	type	 ecosystems	with	 respect	 to	 their	 ecosystem	
service	supply	as	well	as	their	resilience	to	future	threats.
To	find	these	ideal	plant	communities,	our	approach	is	integrating	
a	 large-	scale	field	experiment	 in	an	agricultural	 landscape	 in	South	
West	Australia	(the	Ridgefield	Experiment,	Perring	et	al.,	2012)	with	














3.1 | Step 1: Development of trait- based 
simulation model
In	our	coupled	study,	the	Ridgefield	experiment	was	set	up	in	August	
2010	 (Perring	 et	al.,	 2012),	 whereas	 the	 model	 development	 has	
started	recently	(Figure	3,	Step	1).
Although	various	trait-	based	simulation	models	of	Mediterranean-	
type	 ecosystems	 exist	 and	 have	 been	 used,	 for	 example,	 to	 as-
sess	 the	 impact	 of	 climate	 and	 fire	 on	 vegetation	 composition	 or	
performance,	 none	 of	 these	models	 can	 currently	 fully	 assist	 res-



























Figure	S1).	 In	order	 to	simulate	 these	stocks,	nutrient,	hydrological,	
and	vegetation	processes	are	calculated	for	each	grid	cell	and/or	soil	
layer	driven	by	plant	and	soil	 traits	and	other	 internal	 (i.e.,	 the	out-
come	 of	 other	 processes)	 as	well	 as	 external	 drivers	 (e.g.,	 weather	
conditions)	 (see	 Figure	 S1).	We	 briefly	 describe	 these	 inter-	related	





















drological	 processes	 (e.g.,	 infiltration,	 runoff,	 drainage,	 evapotran-







(e.g.,	 nitrogen	 uptake,	 soil	 nutrient	 input,	 leaching)	 are	 calculated	
for	each	grid	cell	dependent	on	soil	properties,	soil	moisture,	plant	
properties	(as	a	result	of	vegetation	processes)	(see	further	informa-










scales	 than	vegetation	processes).	However,	 this	 challenge	 can	be	
approached	using	a	modular	setting	(such	as	used	in	Johnson	et	al.,	
2008	or	Tietjen	et	al.,	2010),	which	calculates	processes	in	separate	








measured	 stocks	 and	 processes	 (pattern-	oriented	 modeling:	 e.g.,	
Grimm	et	al.,	2005;	Bayesian	methods:	e.g.,	Hartig	et	al.,	2012).
3.2 | Step 2: Model validation and testing
For	 model	 validation,	 the	 model	 is	 parameterized	 and	 initialized	
based	on	the	settings	of	the	treatments	in	the	Ridgefield	experiment,	



















Ridgefield	experiment	 (see	Figure	3,	Step	2).	 If	 there	 is	a	 low	root-	
mean-	square	deviation	 (also	called	RMSD)	between	measured	and	







3.3 | Step 3: Simulation experiments of 




3.3.1 | Which relationships among ecosystem 
services result from reasonable plant trait 
compositions under current environmental 
conditions?
For	the	Ridgefield	experiment,	eight	woody	plant	species	(Eucalyptus 
loxophleba	 ssp. loxophleba, E. astringens,	 Acacia acuminata,	
A. microbotrya,	Banksia sessilis,	Hakea lissocarpha,	Calothamnus quad-
rifidus,	and	Callistemon phoeniceus)	with	different	traits	were	planted	
in	 a	 complete	 randomized	block	design	 (in	 each	block:	 similar	 soil	











types	are	 integrated,	starting	from	their	seedling	stage.	 In	 the	sim-
ulation	experiment,	 the	same	ecosystem	services	are	quantified	by	










We	 assess	 the	 supply	 of	 multiple	 ecosystem	 service	 supply	
for	 current	 environmental	 conditions.	 We	 evaluate	 trade-	offs	 or	
synergies	 between	 the	 provision	 of	 selected	 ecosystem	 services	
by	 pairwise	 comparisons.	 As	 well	 as	 pairwise	 comparisons,	 the	
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multifunctionality	 of	 the	 system	 could	 be	 assessed	 with	 various	
methodologies,	 for	 example,	 threshold	 approaches	 (Byrnes	 et	al.,	
2014).
3.3.2 | What are the indirect and direct 
impacts of changing environmental factors on 
ecosystem functioning? And which simultaneous 
effects of multiple changing environmental 
factors on ecosystem functioning and service 
provisioning are nonadditive and why?
To	assess	 the	 indirect	 and	 the	direct	 effects	of	 changing	environ-
mental	 factors	 (such	as	nitrogen	deposition,	 climate),	 the	 separate	
impact	of	a	realistic	change	in	each	environmental	factor	is	assessed	
for	 various	 species	 assemblages.	 For	 each	 environmental	 change,	
two	scenarios	are	calculated:	(1)	to	include	only	indirect	effects,	all	
direct	environmental	effects	are	kept	on	a	constant	 level	 (e.g.,	 the	













3.3.3 | Are there plant trait compositions that 
provide a resilient supply of multiple ecosystem 












Our	model	 approach	explicitly	 accounts	 for	 site-	specific	 charac-
teristics	of	 the	Ridgefield	experiment	such	as	soil	 type,	 topography,	
and	land	use	legacy.	Through	the	use	of	a	case	study	such	as	this,	we	
can	 suggest	 site-	specific	 species	 assemblages	 that	 restore	 multiple	



































deavor,	 it	 could	 directly	 assist	 restoration	 efforts	 toward	 resilient	
multifunctional	ecosystems.	Alternatively,	by	not	only	simulating	a	
single	 ecosystem	but	 instead	multiple	 connected	 ecosystems	 rep-
resenting	a	landscape,	it	can	highlight	when	integrating	multiple	re-
stored	ecosystems	better	provides	desired,	resilient,	multifunctional	
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